The aim of this study was to examine the impact of different Mixed Liquor Volatile Suspended Solids (MLVSS) concentrations on membrane fouling, in a submerged Membrane Bioreactor (MBR) at short and long-term MBR operation for wastewater treatment. Three laboratory-scale in a submerged MBR system were operated under critical flux, sub-critical flux, and an intermittent suction time and backwashing conditions. At shortterm MBR operation with mixed liquors of 4,200 and 6,150 mg MLVSS L −1 , the hydraulic resistance of membranes followed a same trajectory with averages of 5.0E+12 m −1 , whereas for 7,940 mg MLVSS L −1 , a high resistance of up to 1.7E+13 m −1 was obtained. The result showed that high biomass concentrations decreased to permeability due to a bio-layer formed in the membrane surface and high Extracellular Polymeric Substance (EPS). 
Introduction
The membrane bioreactor (MBR) is a novel technology that combines biodegradation and membrane separation. Although MBR has many advantages, membrane fouling is still a major problem of the MBR operation, which results in more frequent membrane cleaning and higher operation and maintenance costs. Studies have concluded that the characteristics and degree of membrane fouling are mainly affected by membrane properties, sludge characteristics (Mixed Liquor Volatile Suspended Solid (MLVSS)), and operational conditions [1] . Disadvantages of higher sludge concentrations with respect to conventional activated sludge include limitations of oxygen diffusion, leading to an increased aeration cost, possible mass transfer limitations, and enhanced fouling, which may require more frequent membrane cleaning [2] , [3] , [4] , [5] , [6] , [7] , [8] showing that the adsorption of Extracellular Polymeric Substances (EPS) and Biopolymer Clusters (BPC), leading to further sludge deposition and serious membrane fouling in MBR operation. The major fouling contributors in MBR are EPS, which are excreted by biofilm development over surface membranes [7] , [9] .
The major challenge for the MBR is the selection and optimization of the operating flux. Since fouling phenomena appears to be inherent to the MBR operation, the concept of sustainable flux is used for long-term operations. This flux is related to critical flux, and it is the one at which the Transmembrane Pressure (TMP) increases gradually at an acceptable rate, so that frequent chemical cleaning is not necessary. Control of the sustainable flux also impacts on the ability to process variable feed flows, such as dry and wet weather. Thus, a constant flux operation under the nominal critical flux is more advantageous for MBRs, as it will prevent excessive membrane fouling [10] , [11] , [12] . Classic critical flux depends on hydrodynamic factors and feed characteristics [13] , and these are likely to control the sustainable flux in an MBR. Thus aeration rate, liquid flow regime, and concentration of mixed liquor can be expected to affect TMP rise and sustainable flux. In order to lengthen the operation period of the MBR, operation under critical flux is often one of the strategies since it reduces the deposition of particles on/into membrane surface. However, the TMP increment is still observed after a critical time even under subcritical flux operation [14] , [15] , [16] .
Generally, in submerged processes only three strategies are available for limiting fouling: reducing the flux (J), increasing the membrane aeration, or employing physical (backwash) or chemical cleaning. The mini cleans may be backwash or simply intermittent permeation. This intermittent suction appears to be an effective technique for long-term sustainability of moderate fluxes [17] , [18] . Various research and papers on membrane fouling in MBR technology has been reported showing the effect that different parameters (e.g. influent, biomass characteristics, membrane properties and operating conditions). However, contradictory results on the effect of these parameters on membrane fouling have been found [4] . The factors influencing the membrane fouling at various operating stages such MLVSS concentration, Hydraulic Retention Time (HRT) and Solid Retention Time (SRT) not well explained at short and long-term MBR operation. The objective of this study was to compare performance the characteristics of membrane fouling with different MLVSS concentrations at short-term ope- 
Materials and methods

Laboratory scale MBR
The three laboratory-scale in a submerged MBR systems consisted of an influent tank, 6 L of acrylic bioreactor, Ultrafiltration (UF) membrane, and an effluent tank. The UF membranes used were polysulfone hollow fiber membranes (surface 0.042 m 2 , 100 kDa molecular weight cut-off) supplied by General Electric (U.S.A.). Air was continuously introduced to the bottom of the membrane module to move and slough membrane fibers, and to prevent fouling. In addition, the air was introduced into the reactor with a macro-bubble air diffuser, and the airflow rate was adjusted by an air flowmeter at 5 L min −1 . The permeate was extracted under suction, using a peristaltic pump (MasteFlex), whereas the permeate pressure was measured in terms of Transmembrane Pressure (TMP) using a vacuometer, and flow rates were recorded manually (Figure 1 ).
The MLVSS concentrations in the bioreactor were controlled at approximately 4,000-8,000 mg L −1 .
Inoculation and operational conditions
The systems were inoculated with aerobic sludge collected from a conventional activated sludge process and operated whit different MLVSS concentrations (4,000 to 8,000 mg L −1 ). Three stages were evaluated: critical flux, sub-critical flux conditions, and the performance under intermittent suction and backwashing in sub-critical flux. The MBR's were fed with real municipal wastewater.
Data analysis and interpretation
The total filtration Resistance (R) and Permeability (K) was calculated from the measured Flux (J), Transmembrane Pressure (TMP), and Temperature (T) corrected fluid viscosity (Jµ 20 • C ) as showed equations (1) and (2):
Critical and sub-critical flux determination
In order to determine the critical and sub-critical flux conditions, three concentrations of biomass were employed: 4,200, 6,150, and 7,940 mg MLVSS L −1 , respectively. The concentration of the mixed liquors was selected according to the reports of various researchers [19] .The critical flux test -flux-step method-was applied according to a recommendation given by some authors [11] , [13] , [20] .
Analysis
Protein and polysaccharides concentrations were determinated using the method of Lowry [21] and Dubois [22] , respectively. The MLVSS concentrations were analyzed using Standard Methods [23] .
Results and discussion
In the next section, shows the behaviour of membrane fouling at different MLVSS concentrations at short and long-term MBR operation.
Fouling membrane at different MLVSS concentrations:
critical and sub-critical flux test h −1 for both biomass concentrations (6,150 and 7,940 mg L −1 ), the TMP increased, which suggests that above these values, the work is being carried under irreversible conditions and that below this, the TMP and the flux remain constant throughout time. 
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Edson Baltazar Estrada-Arriaga, Petia Mijaylova Nacheva and Liliana García-Sánchez This behavior is not coherent with the definition of critical flux [13] but, the parameters such as the resistance and permeability reflect that high fouling potential working with this biomass concentration. With mixed liquors of 4,200 and 6,150 mg L −1 , the resistance follows the same trajectory with averages of 5.0E+12 m −1 whereas for 7,940 mg MLVSS L −1 a high resistance of 1.7E+13 m −1 was obtained. The permeability decreased when the TMP increased, which causes a cake compression deposited in the membrane surface.
The result suggested that high biomass concentrations decreased to permeability due to a bio-layer formed in the membrane surface and deposit of EPS; membrane pores blocked rapidly, and thus membrane filtration resistance increased quickly. However, at a lower MLVSS concentration, suspended and colloidal particles were slowly deposited on the membrane surface, thus membrane pores blocked slowly. Furthermore, according to these results, the membrane fouling remained limited below the flux 20 L m −2 h −1 with a concentration of MLVSS between 4,000 to 6,000 mg The result suggested that high biomass concentrations decreased to permeability due to a bio-layer formed in the membrane surface and deposit of EPS; membrane pores blocked rapidly, and thus membrane filtration resistance increased quickly. However, at a lower MLVSS concentration, suspended and colloidal particles were slowly deposited on the membrane surface, thus membrane pores blocked slowly. Furthermore, according to these results, the membrane fouling remained limited below the flux 20 L m −2 h-1 with a concentration of MLVSS between 4,000 to 6,000 mg L −1 , and an operating TMP below 10 kPa. L −1 , and an operating TMP below 10 kPa. TMP practically remained constant. Above this time, the flux begins to decrease in all the cases, which is related to an increase in the TMP, a decrease in the permeability, and an increase in the hydraulic resistance, which is a typical sign of reversible fouling. Van der Roest [24] has reported that the permeability can take values between 100 L m −2 h −1 bar −1 , in this case the averages were of 240 L m −2 h −1 bar −1 .In addition, it is observed that with an increase in the biomass concentration, the TMP increased and the flux decreased. The EPS are complex mixture of proteins, carbohydrates, lipids, DNA and others products that are responsible principal of membrane fouling in MBR [9] . In short-term operation MBR, the proteins and carbohydrates increased from 21 to 36 mg g VSS −1 and 1.9 to 3.0 mg g VSS −1 respectively in relationship with increase MLVSS concentrations (4,250 mg L −1 to 6,260 mg L −1 ). These results indicate that biomass concentrations increased the EPS values and the fouling membrane increased to. Working under subcritical conditions did not reduce the biofouling due to dynamics and the viscosity of the sludge.
Performance of intermittent filtration flux and backwashing frequency
To optimize the intermittent filtration and backwashing frequency, three scenarios were evaluated in a period of 24 hours in sub-critical flux, with a flux of 20 L m −2 h −1 . The results are summarized in Table 1 . This showed that although it did not decrease (>19 L m −2 h −1 ) when applying several backwashing conditions, the TMP, resistance, permeability, and fouling rate showed a discrepancy. Nevertheless, it is observed that these parameters, using the strategy of the intermittent suction and backwashing, the membrane fouling was reduced in comparison with sub-critical flux without intermittent membrane flux and backwashing frequency.
The best intermittent suction and backwashing condition was scenario 2 with a concentration of mixed liquors of 4,250 and 5,100 mg MLVSS L −1 . Whereas for a MLVSS of 6,260 mg L −1 it was scenario 1, which shows that it is necessary to apply short times of filtration and backwashing to maintain the TMP constant and the rest of the parameters. The filter cake reduced the direct contact of small colloidal particles with the membrane and, consequently, reduced the membrane pore blocking (e.g. the adsorption of small colloidal organic particles). Membrane pore blocking is often reported to be more difficult to clean than filter cake, using backwashing [25] .
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Evaluation of a long-term membrane bioreactor operation
The MBR operated for a municipal wastewater treatment over 284 operational days with a hydraulic retention time (HRT) of 6.6 and 12.1 hours at different MLVSS concentrations (4,000-6,200 mg L −1 ). The solid retention time (SRT) in MBR was 35, 55 and 95 days. The MLVSS were purged constantly in order to keep the same concentration inside reactors. In order to limit the membrane fouling, two strategies were employed: (1) physical cleaning continuous by using sub-critical fluxes according to this work (flux <20 L m −2 h −1 ), low pressure air to maintain a turbulent flow pattern along the vertical membrane fibers and combined with the membranes backwashing with permeate (best scenarios Table 1 Figure 5 shows the flux evolution, TMP, K and EPS concentration through the reactors at long-term operation. During the first forty days of the reactors operation (HRT of 6.6 h), it was observed that the flux was reduced in about 23% in all the reactors, with an increase of the TMP. This was due to an amount of inert material present in the reactors and by a subsequent increase in the concentration of the biomass and EPS, which was probably accumulated in the surface of the membranes, thus causing the reduction of the flux and the increase of the TMP. Patsios & Karabelas [26] showing that SRT is a major parameter influencing the concentration of dissolved organic matter, soluble microbial products and bound EPS in long-term filtration performance MBR. The inert material formed in this phase can be related to an increase in the total suspended solids (TSS) and a decrease in the VSS during the first twenty days of operation, which was a consequence of the acclimation of the biomass in residual water, thus generating an accumulation of inert material in the systems. This behavior was reflected in the relationship VSS/TSS, which was lower than 0.6 mg −1 . Besides, this inert material and the following increased in the concentration of the biomass, which caused the decrease of the flux and the permeability, and an increase of the TMP. At SRT of 55-95 d, which can lead to endogenous decay of biomass and subsequently, will increase the concentration of carbohydrate and protein.These results indicated that the fouling rate was directly influenced by the HRT, SRT and MLVSS concentrations. Decreasing HRT and increase of SRT, leads to a higher fouling rate due to an increase in EPS concentrations. According to Wu [27] , the activated sludge characteristic (MLSS concentrations, EPS properties, SRT-infinity) they are associated with cake layer development and membrane fouling propensity. Different results were presented by Van den Broeck [28] when lower membrane fouling rates in MBR at higher SRT-50 d was observed because the flocculation improves and reduced mean fragment surface fractions in surface membrane.
Conclusion
The concentration of mixed liquor volatile suspended solids in the MBR operation is a predominant factor, since it defines the performance MBR in the membrane modules, membrane fouling and intermittent filtration/backwashing frequency. The membrane fouling rate in the experimental laboratory-scale MBR increased with MLVSS concentrations higher than 5,100 mg L −1 . The sub-critical flux condition in MBR was of 20 L m −2 h −1 with TMP of 6 kPa. The MBR operated in sub-critical flux condition at short-term, the TMP did not increase, however, high EPS concentrations were detected in MBR at MLVSS concentrations of 5,100 mg L −1 . With intermittent filtration flux of 7 min, and backwashing of 30 sec, the fouling rate in the membrane module was low with values minor to 0.0057 kPa h −1 . The membrane fouling at long-term MBR operation increased with high biomass concentrations, higher SRTs and shorts HRT because increased the EPS content generating an obstruction onto membrane surface and into the membrane pores. At HRT of 12.1 h, SRT of 35 d and MLVSS concentrations of 4,000 mg L −1 , the membrane fouling during long-term MBR ing.cienc., vol. 11, no. 21, pp. 137-155, enero-junio. 2015.
operation was reduced. Under these operation conditions, the proteins and polysaccharides content in the mixed liquor they were low, decreasing the membrane fouling.
